Oxygen (02) may regulate pulmonary vascular resistance through changes in endothelial nitric oxide (NO) production. To determine whether constitutive NO synthase (cNOS) is regulated by 02, we assessed cNOS expression and activity in bovine pulmonary artery endothelial cells exposed to different concentrations of 02-In a time-dependent manner, changes in 02 concentration from 95 to 3% produced a progressive decrease in cNOS mRNA and protein levels resulting in 4.8-and 43-fold reductions after 24 h, respectively. This correlated with changes in cNOS activity as determined by nitrite measurements. Compared with 20% 02, cNOS activity was increased 1.5-fold in 95% 02 and decreased 1.9-fold in 3% 02. A decrease in 02 concentration from 95 to 3% shortened cNOS mRNA half-life from 46 to 24 h and caused a 20-fold repression of cNOS gene transcription. Treatment with cycloheximide produced a threefold increase in cNOS mRNA at all 02 concentrations, suggesting that cNOS mRNA expression is negatively regulated under basal condition. We conclude that 02 upregulates cNOS expression through transcriptional and posttranscriptional mechanisms. A decrease in cNOS activity in the presence of low 02 levels, therefore, may contribute to hypoxia-induced vasoconstriction in the pulmonary circulation. (J. Clin. Invest. 1995Invest. . 96:2661Invest. -2666
Introduction
The pulmonary arterial vasculature responds to changes in oxygen tension hemodynamically and structurally (1) . Although acute hypoxia raises pulmonary arterial pressure and resistance (2) , the factor (or factors) responsible for this vasomotor response, which may involve the excess release of a vasoconstrictor such as endothelin or impaired release of a vasodilator such as the endothelium-derived relaxing factor (EDRF),' has EC, endothelial cells; EDRF, endothelium-derived relaxing factor; L-NAME, N-nitro-L-arginine methyl ester hydrochloride; NO, nitric oxide; NOS, NO synthase.
(have) not been clearly identified (3) . There is now ample evidence for endothelium-dependent relaxation of vascular smooth muscle cells in pulmonary vessels in response to known stimulants of EDRF, such as acetylcholine or bradykinin, both in humans (4, 5) and in animals (6, 7) . In addition, several studies have suggested that the production or activity of EDRF, now identified as nitric oxide (NO) or a related compound, may mediate oxygen-induced changes in pulmonary vascular resistance (8) (9) (10) (11) (12) . The source of NO production can be assumed to be the vascular endothelium because of known receptor-mediated release of NO from this cellular source (13) and recent data demonstrating the presence of NO synthase (NOS) in human and rat lung endothelium ( 14) . Although the endothelium can express two forms of NOS, NO is largely derived from constitutively expressed endothelial NOS (cNOS) under most physiologic conditions. The inducible isoform of NOS is usually not present under basal conditions but can be transcriptionally induced during inflammation by cytokines (15) . Thus, this study was undertaken to determine whether oxygen can regulate cNOS expression and activity in bovine pulmonary artery endothelial cells (EC).
Methods
Reagents. All standard culture reagents were obtained from Gibco Laboratories (Grand Island, NY). FCS was obtained from Hyclone Laboratories, Sterile System (Logan, UT). Penicillin Isolation and culture of cells. Bovine pulmonary artery and aortic EC were isolated, characterized, and subcultured according to previously described methods (16) . Second-to fifth-passage cells were used for all experiments and were cultured in a growth medium containing RPMI 1640, 5% FCS, and antibiotic mixture of 100 U/ml penicillin/100 'qg/ ml streptomycin/250 ng/ml Fungizone. In some experiments, cells were pretreated with either actinomycin D (1 pg/ml) or cycloheximide (1 pg/ml) for 1 h before exposure to changes in 02 concentration. Cellular confluence was maintained for all treatment conditions. Cellular viability was determined by Trypan blue exclusion and 51Cr release assay as described previously (16) .
Exposure ofcells to oxygen concentration. Confluent bovine pulmonary artery EC were placed in humidified airtight incubation chambers (Billups-Rothenberg, Del Mar, CA) and gassed with various concentrations of oxygen (0, 3, 10, 20, and 95%7 02), 5% C02, and balance N2 for various periods of time (0-72 h). The chambers were maintained in an incubator (New Brunswick Scientific, Edison, NJ) for the duration of exposure. The percentages of 02 in the chambers were routinely checked (LB-2 02 analyzer; Beckman Instruments, Inc., Fullerton, CA) at 24 and 48 h of exposure and were consistently within 2% of the desired 02 concentration. The percentages of CO2 were also monitored (OM-1 CO2 analyzer; Beckman Instruments, Inc.) and were within 4-6% for all oxygen exposures.
Assessment of cell integrity. Cell integrity was routinely assessed by morphological examination of the cells under phase-contrast microscopy, trypan blue exclusion, and 51Cr release assay as described previously ( 16 All Northern blots were subjected to stringent washing conditions (0.2x SSC/0.1% SDS at 680C) before autoradiography with intensifying screen at -80TC. Loading conditions were determined by subsequent rehybridization of blots with ,3-tubulin cDNA. In some studies, blots were hybridized to human smooth muscle or murine macrophage inducible NOS cDNA probe.
In vitro transcription studies. Nuclei from EC (4 x 107 cells) exposed to the indicated 02 concentration from 12 h were isolated as described previously (18) . In vitro transcription was carried out in a shaking water bath at 30°C for 30 min in a buffer containing 10 to NOS, pGEM, and ,3-tubulin were vacuum-transferred onto nylon membranes using a slot blot apparatus (Schleicher and Schuell). The membranes were baked and prehybridized as described for Northern blots. Radiolabeled transcripts (-5 x 107 cpm) were resuspended in 2 ml of hybridization buffer containing 50% formamide, 5x SSC, 2.5x Denhardt's Solution, 25 mM sodium phosphate buffer (pH 6.5), 0.1% SDS, and 250 ,g/ml salmon sperm DNA. Hybridization of radiolabeled transcripts to the nylon membranes was carried out at 45°C for 48 h.
The membranes were then washed with lx SSC/0.1% SDS for 1 h at 65°C before autoradiography for 72 h at -80°C.
Western blotting. Partially purified membranes were prepared as described previously ( 19) . Protein concentration was determined by the method of Lowry (20) . Membranes proteins (50 tg) and molecular weight markers were separated by SDS/PAGE (12% running, 4% stacking gel). The proteins were electrophoretically transferred onto nylon membrane (PVDF, Schleicher and Schuell) and incubated overnight at 4°C with blocking solution (5% dried skim milk in PBS) before the addition of goat anti-cNOS antisera ( 1:400 dilution) or goat anti-inducible NOS antisera (1:600). The blots were washed twice with PBS buffer containing 0.1% Tween 20 and then treated with rabbit antigoat horseradish peroxidase antibody (1:8,000 dilution; Pierce, Rockford, IL). Immunodetection was accomplished using an enhanced chemiluminescence kit (Amersham Corp.).
Measurement of nitrite production. The release of nitrite by EC in culture medium was determined using a method described by Misko dependent effects of (A) hypoxia (3% 02) and (B) hyperoxia (95% 02) on cNOS steady state mRNA levels. RNA loading was assessed by ethidium bromide staining of the gel. This is representative of three separate experiments.
triazole (NT). Briefly, EC monolayers were exposed to various concentrations of 02 for 24 h. After exposure, the medium was removed, and the cells were washed and incubated for an additional 6 h in fresh phenol red-free medium with or without L-NAME (30 /tM). At the end of incubation, 850 til of medium was removed, treated with nitrate reductase to convert nitrate into nitrite, and then mixed with 100 p1 DAN (0.05 mg/ml in 0.62 M HCI). The mixture was protected from light and incubated for 10 min at 20'C, after which the reaction was terminated by adding 50 u1 of 2.8 N NaOH. Fluorescence of NT was measured using excitation and emission wavelengths of 365 and 450 nm, respectively. Quantification of nitrite was assessed using standard curves obtained with pure nitrite and prepared with each experiment. NO production was estimated as the L-NAME-inhibitable portion of the total nitrite production of the cells over 6 h.
Data analysis. Band intensities from Northern, Western, and nuclear run-off assay blots were analyzed densitometrically by the National Institutes of Health Image program (22) . All Fig. 1 A, (Fig. 1 B) . In an oxygen tensiondependent manner, a decrease from 95 to 0% 02 caused a 12.9-fold reduction in steady state cNOS mRNA level after 24 (Fig. 2 A) (Fig. 2 B) . Cell counts were comparable under various 02 exposures (1.6+0.03, 1.4+0.03, 1.5±+0.07, and 1.6+0.05 million cells, for 3, 10, 20, and 95% 02, respectively).
In the presence of actinomycin D, the posttranscriptional half-life of cNOS mRNA was reduced by exposure to decreasing oxygen tension (Fig. 3 A) . The calculated half-lives of cNOS mRNA were 46±5, 34+5, and 24±4 h in 95, 20, and 3% 02, respectively (P < 0.05) (Fig. 3 B) . These Time (h) 4 '1 posed to the same 02 tension (Fig. 4 A) . After 24 h, there was approximately a threefold increase in cNOS mRNA in the presence of cycloheximide compared with controls at all 02 concentrations (Fig. 4, A Effects of oxygen tension on cNOS protein expression. The protein level of cNOS was also affected by changes in oxygen tension. Compared with control EC exposed to 20% 02, exposure of EC to 95% 02 produced a 1.8-fold increase in cNOS protein levels after 24 h, while exposure of EC to 3 and 0% 02 produced 2.4-and 3.1-fold decreases, respectively (Fig. 6 ). Exposure to hyperoxia (95% 02) caused a small time-dependent increase in cNOS protein levels resulting in a 1.5-fold increase after 72 h (Fig. 7 A) . Exposure of EC to hypoxia (3% 02), however, produced 2.5-and 4.2-fold decreases in cNOS protein levels at 24 and 72 h, respectively (Fig. 7 B) . There were no changes in cNOS protein levels under normoxic conditions (20% 02) (data not shown).
Effect of oxygen tension on NOS activity. Nitrite production from EC that had been previously exposed to 3, 20, and 95% 02 for 12 h was measured as detailed in Methods. The L-NAME-inhibitable portion of this production was estimated to be derived from NO. As shown in Fig. 8 , the L-NAME-inhibitable production of nitrite by EC was significantly reduced in 02 Concentratlon 95% 20% 3% Figure 5 . A representative nuclear run-on assay showing the effects of oxygen concentration on transcriptional activity of cNOS and ,B-tubulin gene at 12 h. Band intensities of cNOS were normalized to /3-tubulin for two separate experiments (relative intensity). Specificity was determined by lack of hybridization to the pGEM cDNA.
genation, on the other hand, dilates fetal pulmonary circulation through release of EDRF and that this phenomenon may contribute to the postnatal adaptation of the pulmonary circulation at birth (10) . This study was conducted to investigate the effect of 02 concentration on cNOS expression and activity in cultured pulmonary artery EC. Our results indicate that cNOS gene and protein expression is directly regulated by the 02 concentration to which the cells are exposed, with a time-dependent increase and decrease in this expression in hyperoxia and hypoxia, respectively. As indicated by nuclear run-on studies and the evaluation of the half-life of cNOS mRNA in the presence of actinomycin D, 02 tension affects cNOS expression at the levels of both gene transcription and mRNA stability. This effect is more significant at the lower spectrum of 02 tension considering the larger variation in cNOS gene transcription (11.5-fold decrease versus 1.8-fold increase in hyperoxia) produced by hypoxia for a relatively smaller change in 02 concentration as compared with hyperoxia. Therefore, regulation of EC cNOS by 02 may be more relevant in conditions of hypoxia.
As they relate to hypoxia, these results are in accordance with the study by McQuillan et al. (27) (32) , and the xanthine dehydrogenase (16) genes. The endothelium was the cellular source for all cases except for the erythropoietin gene (human hepatoma cell line). In some of these cases, such as erythropoietin, 02 affected transcription of the gene as well as mRNA stability (30) . Gene upregulation by hyperoxia, on the other hand, has been shown for the basic fibroblast growth factor and one of its receptor genes in the lung, although the specific cellular source was not identified (33 [36] , and xanthine dehydrogenase [16] genes) and suggests that these genes along with the cNOS gene are negatively regulated under basal conditions. Finally, the response of cNOS enzyme activity to changes in 02 tension was also tested. By measuring the L-NAMEinhibitable portion of the total nitrite produced by normoxic EC as a reflection of NO production, a release of 123 nmol/ 106 cells/6 h was determined, which is comparable with basal NO release reported for another source of cultured EC (37) .
There was a stepwise threefold increase in NO production from hypoxia (3% 02) to hyperoxia (95% 02) which is consistent with the changes in cNOS mRNA and protein levels obtained at a similar exposure time.
It is noteworthy that cNOS gene expression and activity have been found to be significantly increased in growing compared with growth-arrested bovine aortic EC (38). Since our studies were all conducted on confluent EC and there were no significant differences in cell numbers after various 02 exposures, it is unlikely that differences in cell growth would account for the results obtained.
In conclusion, we postulate that the regulation of cNOS expression by 02 tension may play an important physiologic role in modulating pulmonary vascular tone and perhaps the integrity of the vessel wall. Aside from being a vasodilator, NO may act as an inhibitor of vascular smooth muscle cells (39) . NO has been shown to reduce pulmonary vascular remodeling and protect against the development of pulmonary hypertension in chronically hypoxic rats given continuous inhalation of NO (40). In addition, NO has been shown to downregulate the expression of vasoconstrictors and growth factors from vascular endothelium exposed to normoxia or hypoxia (41) . Therefore, the decrease in cNOS expression and activity in hypoxia, as shown in our study, might shift the balance in favor of vasoconstrictors and growth factors, thereby contributing to the development of pulmonary hypertension and vascular remodeling produced by chronic hypoxia.
